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Abstract
We focus on non-linear realizations of local supersymmetry as obtained by using constrained
superfields in supergravity. New constraints, beyond those of rigid supersymmetry, are obtained
whenever curvature multiplets are affected as well as higher derivative interactions are intro-
duced. In particular, a new constraint, which removes a very massive gravitino is introduced,
and in the rigid limit it merely reduces to an explicit supersymmetry breaking. Higher curvature
supergravities free of ghosts and instabilities are also obtained in this way. Finally, we consider
direct coupling of the goldstino multiplet to the super Gauss–Bonnet multiplet and discuss the
emergence of a new scalar degree of freedom.
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1 Introduction
Higher curvature supergravity has been revived recently, especially motivated from cosmology
[1–5]. In particular, R + R2 theories have been extensively studied as they propagate besides
the spin-2 graviton, also a massive scalar mode [6, 7]. This scalar, often referred to as scalaron,
is identified with the inflaton in Starobinsky inflation [8]. Other higher curvature actions, like
Weyl square, might give rise to ghost states. For example the latter introduces a massive spin-2
ghost in the spectrum, and therefore is problematic. The embedding of the various cosmological
models within a UV complete framework is eventually essential, and might also lead to a deeper
understanding of the effective theory of inflation [9]. Four-dimensional N=1 supergravity theories
are particularly motivated for such a study, because they arise as the low energy limits of string
theory [10]. Once supergravity is treated as an effective theory, then the standard matter-
coupled action [11–13] will generically receive higher derivative corrections coming from the UV
physics [4,5]. Therefore their consistent embedding into 4D N=1 supergravity deserves a careful
investigation.
When attempting to “supersymmetrize” higher derivative gravity coupled to matter, even
only the consistent interactions, on top of the modification of the scalar potential [14–17], one is
faced with an unavoidable problem: the new terms added to the action often give rise to ghosts
[4,5,18]. While this phenomenon does not happen in supersymmetric vacua [4], it manifests when
supersymmetry is broken which is always the case when it is non-linearly realized. The ghosts
arise from unwanted kinetic mixings of the scalars to gravity, as off-diagonal kinetic terms, or
as auxiliary fields which become propagating. Even though there do exist islands of consistent
supersymmetric higher derivative theories, one would like to have at hand a tool, which will
allow to study the effective description of all the possible higher derivative interactions within
supergravity. Essentially, one needs a way to eliminate the ghost states from the spectrum,
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which is the basic motivation of the present study. In particular we will focus on the couplings
of the inflaton to quadratic curvature of the form
a1(φ)R
2
GB + a2(φ)R
2
HP + a3(φ)C
2 , (1)
where R2GB is the Gauss-Bonnet combination, R
2
HP is the Hirzebruch–Pontryagin combination
and C2 is the square of the Weyl tensor. The coupling with R2 has been extensively studied
in the literature, and therefore we will not study it in detail, but we refer the interested reader
to [2] and to [19].
In effective supergravity theories where supersymmetry is spontaneously broken and non-
linearly realized [20, 21] it is known how to eliminate any unwanted state from the spectrum
[22, 23]. Indeed, if the goldstino resides inside the nilpotent chiral superfield X, which satisfies
X2 = 0, one can eliminate the lowest component field of a generic superfield Q, by imposing the
constraint XX Q = 0. Constrained superfields have been already extensively studied for the ef-
fective description of supersymmetric theories during inflation [24]. This use is justified, because
during inflation various component fields will become heavy and decouple from the inflationary
sector, and a way to describe this decoupling is by using constrained superfields. Drawing inspi-
ration from this property of constrained superfields, we impose superspace constraints in such a
way that the unwanted ghost fields in supersymmetric theories with higher derivatives are elim-
inated from the spectrum. In particular, we focus on the superspace Lagrangians which contain
known consistent terms in their bosonic sector, but due to the supersymmetric completion they
contain ghosts as well. We show that the ghosts are eliminated from the spectrum due to the
superfield constraints. These constraints are imposed both on the matter multiplets and on the
supergravity multiplet. The constraints on the supergravity multiplet are imposed to eliminate
the supergravity auxiliary fields which would otherwise give rise to ghosts [4, 5].
Another aspect of our work is related to the gravitino. First, we will construct a new term
which generates a pure gravitino mass, and in the global limit it will generate higher order
interaction terms for the goldstino. Second, we introduce a new constraint on the nilpotent X
superfield which eliminates the gravitino from the low energy supergravity theory. In the global
limit this constraint will essentially eliminate the goldstino therefore will lead to a stronger
constraint on X which will change it into a spurion. In other words, the constraint we are
presenting here have no analogue in rigid susy. In the absence of the gravitino our constraint
makes the goldstino to vanish so only the spurion vev would remain.
This work is organized as follows. In section 2, the basic ingredients of local superspace
geometry and the notation are introduced together with non-linear constraints on matter and
curvature multiplets. In particular, a new constraint on the Volkov-Akulov multiplet decouples
the gravitino. In section 3 couplings of linear and non-linear chiral multiplets to higher curvature
invariants are introduced. An extreme case is the Volkov-Akulov Lagrangian augmented by its
coupling to the Gauss-Bonnet super invariant. This theory implies the existence of a new scalar
degree of freedom, dual to a specific f(R) gravity encoded as part of the supersymmetrized
Gauss-Bonnet invariant. The paper ends with some concluding remarks in section 4.
2
2 Supergravity, matter, and constrained superfields
2.1 Curvature multiplets, matter multiplets and invariant actions
In this work we use the superspace formalism of old-minimal supergravity [25]. Our conventions
can be found in [13], whereas the complete old-minimal supergravity curvature multiplets can be
found in [26]. The construction of supergravity relies on two superspace fields, the super-vielbein
E AM and the super-connection φ
B
MA . The independent and propagating degrees of freedom of
the supergravity multiplet are the vielbein e am and the gravitino ψ αm . From the super-vielbein
and the super-connection we can built the torsion tensor superfield T ANM and the curvature
tensor superfield R BNMA [27].
The components of the torsion and the curvature superfields are not independent, and they
can be expressed in terms of three independent superfields [28]. These superfields are the Ricci
superfield R, the Bαα˙ superfield, and the Weyl superfield Wαβγ and their properties can be
found in [4, 13, 26]. This reduction is achieved by employing the torsion constraints and the
Bianchi identities for the torsion and the curvature. Then the solution of the Bianchi identities
under the torsion constraints, not only leads to the three aforementioned curvature superfields,
but also gives conditions on these superfields among themselves. From the Bianchi identities
(the full list can be found in [13]), one can relate the higher components of the irreducible cur-
vature superfields to the fields of the supergravity multiplet. These components are particularly
important for our discussion because they contain various curvature tensors. The independent
superfields of the supergravity multiplet are:
1. The Ricci superfield R. It is a chiral superfield
Dα˙R = 0 , (2)
and in the lowest component it contains the scalar auxiliary field of the supergravity
multiplet
R| = −1
6
M . (3)
The highest component of the R superfield has bosonic sector
D2R| = −1
3
R+
4
9
MM +
2
9
baba − 2i
3
e ma Dmba. (4)
Here the abbreviation O| stands for O|θ=θ=0, which means to set the Grassmann param-
eters to vanish.
2. The Bαα˙ superfield. It has the properties
(Bαα˙)
∗ = Bαα˙ , Dα˙Bαα˙ = DαR , (5)
and its lowest component is the second auxiliary field of old-minimal supergravity
Ba| = −1
3
ba , (6)
3
where ba is a real vector. The higher components of the superfield Ba have bosonic sectors
D2Ba| = −2i
3
DaM + 2
3
baM ,
σα˙αb DαDα˙Ba| =
(
1
6
R+
1
9
MM +
1
9
bcbc
)
ηab −Rab − 2i
3
Dbba + 2
9
babb − 1
3
cdabDcbd ,
D2D2Ba| = −4iDaD2R|+ 4Ba| D2R|+ 16iR|DaR|+ 12R|D2Ba| .
(7)
3. The Weyl superfield Wαβγ . It satisfies
Wαβγ =W(αβγ) , (Wαβγ)∗ =W α˙β˙γ˙ , Dδ˙Wαβγ = 0 , (8)
and there is an algebraic identity which relates it to the other two superfields
DαWαβγ + i
2
(
β˙γ˙Dββ˙Bγγ˙ + β˙γ˙Dγβ˙Bβγ˙
)
= 0 . (9)
This superfield has the following pure bosonic contributions
DγWδα| = 1
6
(
i
4
γδD˙b˙α −
1
4
σde βδ βσ
ba ρ
α ργRdeba
)
+ (δ  α) , (10)
where Rabcd = e ma e nb Rmncd and (δ  α) refers to the symmetrization with respect to the
fermionic indices δ,  and α and contains five terms.
The previous formulae were found at the linearized level in [29] and in the superconformal tensor
calculus in [31].
We now turn to the description of scalar matter. A generic chiral superfield Φ is defined by
Dα˙Φ = 0, and the component fields it contains can be defined by projection as
Φ| = A , 1√
2
DαΦ| = χα , −1
4
D2Φ| = F . (11)
Here A is a complex scalar, χ is a fermion and F is the matter multiplet auxiliary field. Using
the new Θ variables expansion we can also write the chiral superfield Φ as
Φ = A+
√
2 Θαχα + Θ
2F. (12)
We will often use the notation ψ2 = ψψ = ψαψα for fermionic objects. In this work we will use
only chiral superfields to describe the matter sector.
From any unconstrained Lorentz scalar complex superfield U we can always construct a chiral
superfield Ξ, with the use of the chiral projection, as
Ξ = −1
4
(D2 − 8R)U. (13)
This chiral superfield has component expansion
Ξ = AΞ +
√
2 ΘαχΞα + Θ
2FΞ . (14)
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To built actions invariant under the local supersymmetry, one has to employ density superfields.
In particular, we will use here the superspace field 2E which is a chiral density, and is defined as
2E = e
{
1 + iΘσaψ¯a −ΘΘ
(
M + ψ¯aσ¯
abψ¯b
)}
. (15)
The property of the chiral density is that, when multiplied with chiral superfields, the product
is again a chiral density. Then the superspace Lagrangian
L =
∫
d2Θ 2E Ξ + c.c. =
∫
d2Θ 2E
[
−1
4
(D2 − 8R)U
]
+ c.c. (16)
will be invariant under local supersymmetry up to boundary terms. In component form the
Lagrangian (16) will read
e−1L = FΞ − i√
2
χΞσaψa −
(
M + ψ¯aσ¯
abψ¯b
)
AΞ + c.c. (17)
To find the free supergravity for example one has to set Ξ = −3R, and for the superspace
cosmological constant we have Ξ = W0, where W0 is a complex constant.
The matter sector chiral superfields are denoted collectively as ΦI for I = 1, · · ·n. The
generic coupling (up to two derivatives) of a chiral model is
L0 =
∫
d2Θ 2E
[
−1
8
(D2 − 8R)Ω(ΦI ,ΦJ) +W (ΦI)
]
+ c.c. , (18)
where Ω(ΦI ,ΦJ) is a hermitian function and W (ΦI) is a holomorphic function of the chiral
superfields. The bosonic sector of (18) is
e−1L0 = 1
6
ΩR− 1
9
Ωbaba − ΩIJ∂mAI∂mAJ − i
3
(ΩI∂mA
I − ΩJ∂mA
J
)bm
+
1
9
ΩMM − 1
3
ΩJF
J
M − 1
3
ΩIF
IM + ΩIJF
IF
J
−WM −WM +WIF I +W JF
J
,
(19)
where OJ = ∂O∂AJ and so on. Once we integrate out the auxiliary fields and rescale the metric
by gmn → − 3Ωgmn the bosonic sector gets the familiar form which can be found in [13], where
the Kähler potential is given by
K = −3 log
(
−1
3
Ω
)
. (20)
In our discussion though, it is essential to have the matter sector in the original form given by
(19). This is because there will be auxiliary fields which cannot be integrated out, but one has
to eliminate then by superspace constraints.
2.2 Non-linear realizations
In a supergravity setup, it is known that when supersymmetry is spontaneously broken and the
sgoldstino is integrated out1, one can effectively describe the supersymmetry breaking sector by
1In global supersymmetry for F-term and/or D-term breaking it has been shown in [33] that a chiral superfield
with X2 = 0 always appears at low energy.
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the use of the constrained chiral superfield X, which satisfies [32]
X2 = 0. (21)
This superfield has the Θ expansion
X =
GG
2FX
+
√
2 ΘαGα + ΘΘF
X . (22)
The goldstino is the fermion Gα and to have a consistent non-linear realization it has to satisfy
that
〈FX〉 6= 0. (23)
The minimal model which can describe this theory is constructed by a flat Kähler potential and a
linear superpotential in X [21]. Once we have a chiral superfield X with these properties we can
eliminate various component fields from other multiplets. These multiplets can be curvature [34]
or they can be matter [22,23]. The underlying principle is that the irreducible constraint
XX Q = 0, (24)
eliminates only the lowest component of the superfield Q from the spectrum without imposing
any constraint on the higher component fields [23]. It has been also illustrated in [34] that
these constraints are equivalent to eliminating the specific component field by using the CCWZ
procedure, therefore providing a non-trivial cross-check for the self-consistency.
In this work we will employ a very specific constrained matter chiral superfield A which
will contain the real scalar φ. In fact this constrained superfield has found its way in many
applications of inflation in supergravity [35], and together with X they provide the minimal
setup for our study. It can be written as
A = φ+ ib+
√
2ΘχA + Θ2FA , (25)
and we impose the constraint [38]
X
(A−A) = 0. (26)
As a consequence of (26), the imaginary part of the lowest component of A, the auxiliary field
FA, and the fermionic component field χAα are removed from the spectrum. The most convenient
way to verify this is to realize that from (26) we can produce the irreducible constraints
XX
(A−A) = 0 , XX DαA = 0 , XX D2A = 0 . (27)
To summarize, the superfield A contains only a real scalar degree of freedom φ = ReA| while
the other fields of the A multiplet are solved in terms of the goldstino.
As we said, the supergravity multiplet also contains auxiliary degrees of freedom which for
the old-minimal formulation are the complex scalar M and the real vector bm. One can also
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impose constraints on the multiplets which contain these fields, and thus eliminating them from
the spectrum. In particular we may impose
XX Ba = 0, (28)
which implies for the supergravity auxiliary field ba = O(G,G). Indeed, following [34] we see
that (28) gives the superspace equation
Ba = −2Dα˙XD2X
Dα˙Ba −XD
2
Ba
D2X
− 2 D
αX
D2X D2X
DαD2(XBa)− XD2XD2X
D2D2(XBa). (29)
This equation will give an expression for ba which has to be solved iteratively. Notice that by
expanding the right hand side of (29) we find that it contains terms of the form
ba ⊃ +
√
2Gα
2F
(DαBa|)− 1
2
GαG
α˙
FF
(DαDα˙Ba|) , (30)
once we turn to its component field expansion. Moreover due to the structure of (28) no other
component field, except the lowest one, of the Ba superfield is constrained. Indeed, as illus-
trated in [23] for the constraints of the form |X|2Q = 0, all the possible projections with any
combination of Dα or Dα˙ will serve only as consistency conditions except when acting with the
maximum projection D2D2 which gives a single constraint on Q|. For example if we act with
Dα on (28) and projecting to components we find
(
√
2Gα)
G
2
2F
ba +
G2G
2
4FF
(DαBa|) = 0 , (31)
which is just a consistency condition for the full solution of ba and not a constraint on DαBa|,
as can be checked by replacing (30) into (31). Note finally that since the component DαBa| is
related to the gravitino field strength, it means that if it had been removed from the spectrum
it would be a sign of inconsistency. In addition one can have
X
(
R+ c
6
)
= 0, (32)
where c is a complex constant, which gives M = c+O(G). These constraints have been studied
extensively in [34].
In closing this subsection, let us see how the non-linear realization of supersymmetry allows
the construction of a vast number of new terms.2 Consider a superspace Lagrangian of the form
LZ = 16
∫
d4θ E
X
D2X
X
D2X
Z (ΦI ,DαΦI ,D2ΦI ,D2X , · · · ) . (33)
Then in the G = 0 gauge we will have
e−1LZ = Z
(
AI ,
√
2χIα ,−4F I ,−4FX , · · ·
)
. (34)
2The relation between the formalism with the nilpotent X and the spinor superfield of [20] (which allows to
build a vast number of new terms) has been thoroughly explained in [36,37].
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Such a possibility clearly exists due to the fact that all the goldstino can do is to work as
a compensator which can always be used to dress any component field and to construct a
supersymmetric Lagrangian of generic form. The simplest Lagrangian one can construct is by
setting Z = −Λ, where Λ is a real constant, which would simply give [20]
LΛ = −16Λ
∫
d4θ E
X
D2X
X
D2X
. (35)
The component form expansion is
LΛ = −eΛ− ieΛ
(
Gα
F
)
σmαα˙Dm
(
Gα˙
F
)
+ · · · (36)
which in the G = 0 gauge will provide only a contribution to the vacuum energy. Notice that
the same constant Λ which changes the vacuum energy in (36) multiplies the kinetic term of
the goldstino and therefore will change the supersymmetry breaking scale once the goldstino is
canonically normalized [14]. In the next subsection we will use this method to construct a pure
gravitino mass and study its properties, and we will see how the supersymmetry breaking scale
is generically altered.
2.3 Gravitino decoupling
Until now we have discussed how to eliminate the bosonic auxiliary fields of the supergravity
multiplet. We now discuss the decoupling of the gravitino. As we will see to remove the gravitino
from the theory one has to impose a constraint on the nilpotent chiral superfield X.
Let us first assume that supersymmetry is broken from the nilpotent chiral superfield X,
which is the only chiral multiplet in the theory that is coupled to supergravity. Then we can
generically include in our effective Lagrangian a higher derivative term
Lm3/2 = (16)2 ζ
∫
d4θ E
[
X
D2X
X
D2X
Da
(DαX
D2X
)
σab βα Db
(DβX
D2X
)
+ c.c.
]
, (37)
where ζ is a real constant parameter of mass dimension three: [ζ] = 3. In component form we
find that
e−1Lm3/2 =
ζ
M2P
ψaσ
abψb +
ζ
M2P
ψaσ
abψb +O(G,G) , (38)
where we have restored the Planck scaleMP . One can easily verify that (37) gives (38) by taking
into account that
Da
(DαX
D2X
)
=
1
4MP
ψ αa −
1
2
√
2
ema Dm
(
Gα
FX
)
+ · · · . (39)
This term now introduces a non-supersymmetric mass term to the gravitino. Independent grav-
itino mass terms giving (38) were also constructed in [37] using different methods. Notice that
in the global limit the superspace Lagrangian (37) becomes
Lm3/2 = (16)2 ζ
∫
d4θ
[
X
D2X
X
D
2
X
∂m
(
DαX
D2X
)
σmn βα ∂n
(
DβX
D2X
)
+ c.c.
]
, (40)
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therefore it will contribute to higher order goldstino interactions. If for example we have a
supergravity coupled to X of the standard form (18) with
K = XX , W = fX +W0 , (41)
and the additional term (37), the component form of the total Lagrangian turns out to be (in
the G = 0 gauge)
e−1L =− 1
2
M2PR+
1
2
klmn(ψkσlDmψn − ψkσlDmψn)
−
(
W0 − ζ
M2P
)
ψaσ
abψb −
(
W0 − ζ
M2P
)
ψaσ
abψb − |f |2 + 3 |W0|
2
M2P
.
(42)
Notice that the mass dimensions are: [f ] = 2 and [W0] = 3.
We setMP = 1 fron now on. In the Lagrangian (42) one can easily integrate out the gravitino
by taking the parameter ζ to be large. In this case the mass term dominates over the momenta
and in this limit ψm appears algebraically and can be integrated out. The constraint we need
to impose in order to describe this decoupling is
XX Db
(DβX
D2X
)
= 0 . (43)
The consistency of the constraint (43) is guaranteed by the fact that the lowest component of
Da
(DβX/D2X) starts with the component field ψαm and not with derivatives. By studying
the highest component field of (43) one finds the full constraint, which then has to be solved
iteratively, and is given by
Db
(DβX
D2X
)
=− 2Dα˙X
D2X
Dα˙Db
(DβX
D2X
)
− X
D2X
D2Db
(DβX
D2X
)
− 2 D
αX
D2X D2X
DαD2
[
X Db
(DβX
D2X
)]
− X
D2XD2X
D2D2
[
X Db
(DβX
D2X
)]
.
(44)
To illustrate the properties of the constraint (43), the lowest component is
G2G
2
(
ψ αa −
√
2 ema ∂mG
α/FX
)
= 0 , (45)
which means that once the gravitino will be eliminated in this way, it will have the form
ψ αa =
√
2Da
(
Gα
FX
)
+ · · · (46)
where the dots stand for higher order goldstino terms. In the rest of the work we will therefore
not discuss the gravitino, because it may be always eliminated from the spectrum in this way.
Notice that (43) is a constraint on the X superfield, nevertheless its effect is to eliminate the
gravitino from the supergravity multiplet. Moreover in the global limit MP →∞, Eq.(43) leads
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to an explicit supersymmetry breaking because it will imply Gα = 0, and therefore X will be a
spurion superfield
X = θ2〈FX〉 . (47)
We see that if supersymmetry is spontaneously broken, one can construct a gravitational
multiplet which will contain only the metric gmn (or the vielbein). The other component fields
which are needed for the closure of the algebra will be replaced with composite operators of
the metric and the goldstino. From the properties of the supersymmetry transformations one
can still go to a gauge where G = 0. Interestingly, in the gauge G = 0, a supergravity theory
subject to the constraints (28), (32) and (43), will always reduce to the Einstein gravity with a
cosmological constant. Indeed, following [34], for
K = XX, W = fX +m3/2, (48)
the Lagrangian
LE–H =
∫
d2Θ 2E
{
R+X
[
−1
8
(
D2 − 8R
)
X
]
+W + c.c.
}
(49)
reduces to
LH–E = −1
2
eR− eΛ , (50)
where
Λ =
1
3
|c|2 + |f |2 +m3/2c+m3/2c. (51)
Let us also discuss the supersymmetry breaking scale in a model with Kähler potential and
superpotential as in (41), and Lagrangian which contains also an explicit gravitino mass of the
form (37). The Lagrangian (37) is a higher derivative term, and therefore it will generically
violate the standard supergravity formulas. Indeed, even though the Kähler potential in (41) is
flat, the relation between the gravitino mass, the vacuum energy and the vacuum expectation
value of the auxiliary field FX do not have the traditional form since one can see that
V 6= |FX |2 − 3m23/2 . (52)
This happens because the term (37) generates an unusual goldstino-gravitino mixing. We have
e−1Lm3/2 |kin.mix. = 4ζ
[
Dˆa
(
Gα√
2FX
)
σab βα Dˆb
(
Gβ√
2FX
)
+
i
3
M
G˙√
2F
X
σ˙αa σ
ab β
α Dˆb
(
Gβ√
2FX
)]
+ c.c. ,
(53)
where
Dˆa
(
Gα√
2FX
)
= ema
[
Dm
(
Gα√
2FX
)
− 1
2
ψαm
]
. (54)
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These new terms are responsible for an unconventional goldstino-gravitino mixing which alters
the standard supergravity results and therefore the vacuum expectation value of FX seizes to
be the supersymmetry breaking scale.
To correctly identify the supersymmetry breaking scale, we define a new scale fS as
fS =
√
V + 3m23/2 , (55)
which is consistent with the results of standard supergravity. Notice that fS is in fact propor-
tional to the effective gravitino mass as defined in [39]
meff3/2 =
√
|m3/2|2 +
1
3
V . (56)
The simplest way to understand why fS is given by (55) is by constructing a standard super-
gravity theory coupled to the nilpotent X, with no higher derivative terms, which on the other
hand will reproduce exactly (42) in the G = 0 gauge. Indeed to find (42) we would require
K =XX ,
W =
√
|f |2 − 3|W0|2 + 3|W0 − ζ|2X +W0 − ζ .
(57)
The supersymmetry breaking scale now would be 〈FX〉 =
√
|f |2 − 3|W0|2 + 3|W0 − ζ|2 and the
gravitino mass is m3/2 = W0 − ζ. Now 〈FX〉 will match with fS given in (55), and therefore
will be consistent with the standard supergravity results.
We close this section with a general discussion on the supersymmetry breaking scale. As
we have seen there are various operators which can contribute independently to the vacuum
energy, as for example (36) and also independently to the gravitino mass as for example (38).
Therefore, a theory with a non-linearly realized supersymmetry will have a vacuum energy V and
a gravitino mass m3/2. Then the supersymmetry breaking scale can be identified with fS given
by (55). The reason as we explained is simple. We can construct such an effective theory from a
supergravity coupled to X with no higher derivatives, but with Kähler potential K = XX and
superpotential W = fSX +m3/2. Notice finally that the models with arbitrary gravitino mass
and arbitrary vacuum energy will not necessarily satisfy the unitarity bound on the gravitino
mass (V ≥ −3m23/2), and one has to impose this by hand by adjusting the parameters. For a
discussion see for example [34].
Let us also note that we have not considered here supergravity matter couplings. In the latter
case, integrating over the gravitino, which now couples to matter, supercurrent-supercurrent
interaction are expected to appear since the gravitino becomes an auxiliary field in the zero-
momentum limit.
3 Effective theories
Now we are in position to couple chiral superfields to the supergravity multiplet in such a way
that we generate in the bosonic sector couplings of the form (1). Even though one can construct
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these couplings also within a linearly realized supersymmetric theory, the Lagrangian which
arises will contain various other terms which give rise to ghosts. For example in [5], where
the “supersymmetrization” of the Gauss-Bonnet coupled to a scalar was investigated, it was
shown that physical scalars and auxiliary fields have kinetic mixings which lead to ghost states.
However, in our construction, the use of constrained superfields helps to avoid the appearance
of these states because the fields which leads to these mixings are eliminated from the spectrum.
Therefore, the low energy effective theory turns out to be meaningful.
3.1 Chiral superfield coupled to super Gauss–Bonnet
As we will now see, the supersymmetric version of a1(φ)R2GB follows naturally from the coupling
of chiral superfields to the supersymmetric Gauss–Bonnet combination [3–5]. Before coupling to
matter let us remind the reader that, as it happens for gravity, the Lagrangian that contains the
pure Gauss–Bonnet combination is a total derivative, therefore contributes only to topological
properties. The pure super Gauss-Bonnet combination is constructed from the chiral superfield
YGB =WαβγWαβγ − 1
4
(D2 − 8R)(2RR+BaBa). (58)
The form of this combination can be traced back to the linearized supergravity approach [29].
An interesting discussion on the properties of YGB can be also found in [30]. The full component
field expansion of (58) can be found in [4,5], and since it is a chiral superfield it has an expansion
of the form
YGB = A
Y +
√
2 ΘαχYα + Θ
2F Y . (59)
For our discussion it is important to recall the bosonic parts of the superfield (58). For the
lowest component of (58) we have
AY = −1
4
(
1
9
MR− 2i
9
MDaba − 10
27
Mbaba − 2
27
M2M − 4i
9
baDaM
)
, (60)
whereas for the highest component we have
F Y =
1
16
(
R2GB −
i
2
R2HP +
8
9
DaPa
)
. (61)
The terms with auxiliary fields in (61) are included in
Pa = MDaM + i
3
MMba +Db (babb)− 2i bbBba + 2i
3
bab
bbb +
3i
2
nab
bcdebcDdbe , (62)
where
Bba = −3
2
σα˙αb DαDα˙Ba|. (63)
The Lagrangian which gives the pure topological contribution is [4, 5]
LGB = 16
∫
d2Θ 2E YGB + c.c. (64)
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The component form of (64) can easily be found by using the generic Lagrangian (17). We find
that the bosonic sector of (64) is up to total derivatives
e−1LGB = R2GB −
i
2
R2HP + c.c. (65)
Notice that by “supersymmetrizing” the Gauss-Bonnet combination one gets also the Hirzebruch–
Pontryagin combination R2HP .
Now we will couple supergravity to the chiral superfields ΦI via the term [4,5]
LΦ,GB = 16
∫
d2Θ 2E f(ΦI)YGB + c.c. (66)
where f(ΦI) is a holomorphic function. Of course the Lagrangian (66) is a total derivative if we
set f(ΦI) = constant. We use the notation
fI =
∂f
∂AI
. (67)
One can use (17) to verify that the pure bosonic sector of (66) turns out to be
e−1LΦ,GB =8
9
fIFI
(
−1
2
MR+ iMDaba + 1
3
Mbaba +
1
3
M2M
)
+ c.c.
+
8
9
fIFI
(
4
3
Mbaba + 4ib
aDaM
)
+ c.c.
+ f(AI)
(
R2GB −
i
2
R2HP +
8
9
DaPa
)
+ c.c.
(68)
We will employ now the constrained superfields X and A introduced in (22) and (25), which
satisfy
X2 = 0 , X
(A−A) = 0. (69)
In addition, we will also use the constrained supergravity multiplet which satisfies both (28) and
(32)
XX Ba = 0, X
(
R+ c
6
)
= 0. (70)
In the unitary gauge (Gα = 0) we have for the matter superfields
A = φ , X = Θ2FX , (71)
while for the supergravity auxiliary component fields we have
M = c , ba = 0 , (72)
where we set c ∈ R to simplify the effective theory. Let us recall that in general the scalar kinetic
terms have three possible sources: the scalar kinetic term in the original supergavity Lagrangian,
the Weyl rescaling, and the elimination of the vector ba of the supergravity multiplet. It is the
latter integration, which leads to ghost multiplets in the super Gauss–Bonnet supergravity.
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Indeed, as it has been shown in [4], it is this integration that mixes the scalar kinetic terms,
which after diagonalization leads to ghosts. Here, by employing the constraint (70), which
sets ba = 0 we remove this mixing and therefore there are no ghosts in this constrained super
Gauss-Bonnet supergravity. Let us also note that the constraint (70) also sets M = c and this
simply modifies the scalar potential. Indeed, the constraints which fix the auxiliary fields of the
supergravity multiplet to be M = c, ba = 0, modify the standard form of the supergravity. For
example, in standard supergarvity, before the Weyl rescaling, the Lagrangian with XXBa = 0
and X(R+ c/6) = 0, following [11] is given by
e−1Lbos = 1
6
ΩR− ΩIJ∂mAI∂mA
J − V, (73)
where
V = ΩIJ
(
1
2
WJ +
1
3
cΩJ
)(
1
2
WI +
1
3
c∗ΩI
)
− 1
9
|c|2 Ω− 1
2
cW − 1
2
c∗W. (74)
After the Weyl rescaling we have
1
6
ΩR→ −1
2
R− 3
4
(∂m log Ω)
2, V →
(
9
Ω2
)
V, (75)
and the relevant bosonic part of the Lagrangian turns out to be
e−1Lbos(ba=0,M=c) =−
1
2
R− 3
4Ω2
(
ΩI∂mA
I + ΩJ∂mA
J
)2
+
3
Ω
ΩIJ∂mA
I∂mA
J (76)
−
(
9
Ω2
){
ΩIJ
(
1
2
WJ +
1
3
cΩJ
)(
1
2
WI +
1
3
c∗ΩI
)
−1
9
|c|2 Ω− 1
2
cW − 1
2
c∗W
}
. (77)
As a consequence, we see that the metric is not anymore Kähler (due to the ba = 0) and the
scalar potential has not the standard form of N = 1 supergravity (due to M = c).
For a minimal setup, we may assume
K = XX − 1
4
(A−A)2, (78)
and
W = X y(A) + g(A) , f = f(A). (79)
The functions y and g are both real in the sense that: y(z)∗ = y(z). The full bosonic sector of
the model
L = L0 + LA,GB , (80)
turns out to be (after we integrate out FX)
e−1L = −1
2
R− 1
2
∂mφ∂mφ+ 2Ref(φ)R2GB + Imf(φ)R
2
HP − V (φ). (81)
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The scalar potential has now a new form
V (φ) =
1
3
c2 + 2c g(φ) + y(φ)2, (82)
due to the constraints we imposed on the gravitational multiplet [34]. This form of the potential
coincides with Eq.(51) for real c, g(φ) = m3/2, y(φ) = f of course. Notice that by integrating
out FX we have
FX = −y(φ) (83)
therefore, one may use various forms for y(φ), but condition (23) must hold. We stress also that
if we had not used the constrained superfield A, which does not have an auxiliary field due to
the constraint |X|2A = 0, the scalar potential would have the form (77). This difference in the
structure of the scalar potential has been discussed for example in [35].
Before concluding this subsection let us discuss the properties of the resultant effective theory
(81). Let us recall that the independent quadratic curvature combinations are CmnpqCmnpq,
RmnR
mn and R2, where Cmnpq is the Weyl tensor. From these one can construct the topological
R2GB = R
klmnRklmn − 4RmnRmn +R2, (84)
R2HP = 
klmnRmnqpRkl
pq, (85)
namely the Gauss–Bonnet and the Hirzebruch–Pontryagin tensors, which can also be written
alternatively in terms of the Weyl tensor Cmnpq as
R2GB = CklmnC
klmn − 2RklRkl + 2
3
R2,
R2HP = 
klmnCmnpqCkl
pq. (86)
Both the Gauss–Bonnet and the Hirzebruch–Pontryagin tensors when added in the gravitational
action do not contribute to the field equations, which is consistent with the fact that both these
tensors are total derivatives in four-dimensions. The contribution of the Gauss-Bonnet and
Hirzebruch–Pontryagin tensors is not trivial once a scalar is coupled to them.
One may consider now the Lagrangian (81), where Ref(φ) and Imf(φ) are arbitrary general
functions of (at least) a scalar field φ. In this case, there is a contribution to the Einstein
equations, which turns out to be
Rmn − 1
2
gmnR = T
φ
mn +Kmn + Cmn, (87)
where
Kmn = 2R∇m∇n(2Ref)− 2gmnR∇2(2Ref)
−4Rmk∇k∇n(2Ref)− 4Rnk∇k∇m(2Ref)
+4Rmn∇2(2Ref) + 4gmnRk`∇k∇`(2Ref)− 4Rmkn`∇k∇`(2Ref), (88)
Cmn = −8∇k(Imf)
(
epmij∇iRnj + epnij∇iRmj
)
−4∇p∇q(Imf)
(
pnijRqmij + 
pmijRqnij
)
,
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are the contribution of the variation of the Gauss–Bonnet and Hirzebruch–Pontryagin tensors,
respectively and T φmn is the energy-momentum tensor of the scalar. It is clear from the structure
of Kmn that it doesn’t contribute with more that two time derivatives to the Einstein equations.
Indeed, there are no terms in (88) that have more than two derivatives. However, the tensor
Cmn has a potentially dangerous term which emerges from the derivatives of the Ricci tensor.
In particular, for a spacelike ∇k(Imf), one may easily verify that Cmn has third time derivatives
and therefore, it is potentially problematic. However, for timelike ∇k(Imf), there is no such
problem as Cmn contains only two-time derivatives in this case. For example, on cosmological
backgrounds Cmn contributes only with second time derivatives. In particular, if we have the
coupling with a scalar profile of the form φ = φ(t), then the theory will not develop instabilities
around a Minkowski background 3 [40].
Notice that this coupling Imf(φ)R2HP will lead to violation of CP conservation [40]. In a
cosmological framework, parity violating terms appear in the effective theory of inflation [41].
Moreover, chiral gravity may produce parity-violating TB and EB correlations in the CMB [42].
Finally, for a real form-factor function f(A), we have
f(A)∗ = f(A∗) (89)
so that Imf(φ) = 0. Hence, the Lagrangian (81) is written as
e−1L = −1
2
R− 1
2
∂mφ∂mφ+ 2Ref(φ)R2GB − V (φ), (90)
which describes standard gravity with a scalar coupled to the Gauss-Bonnet tensor. This theory
propagates normal states and it has been considered as consistent UV modification of Einstein
gravity.
3.2 Gauss–Bonnet–Volkov–Akulov supergravity
We now turn to a minimal setup where only the nilpotent superfieldX is coupled to supergravity.
In such a setup the most general coupling is when X has Ω function and superpotential
Ω = XX − 3 , W = fX +W0 , (91)
and for simplicity we assume f and W0 to be real constants. For the higher derivative sector
the most general form of the coupling to the Gauss–Bonnet is
LX,GB = −18α
∫
d2Θ 2E X YGB + c.c. , (92)
where the constant α can be chosen to be real
α = α∗ . (93)
3For theories with stable vacua, as it is the case we are discussing here (φ = const. in the vacuum), R2HP does
not lead to any linear instabilities and the theory propagates still two polarizations for the graviton. For example,
on a Minkowski vacuum with background metric gmn = ηmn, φ = φ0 = const., the R
2
HP does not contribute
to the propagator but it just introduces extra graviton-scalar interactions. The situation is not the same with
Lorentz violating backgrounds. The latter have non-vanishing am = ∂mφ and for spacelike am instabilities may
occur.
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Moreover we want to study an effective theory where for the X superfield we have
XX
(
−1
4
D2X
)
= −fXX , (94)
which fixes the value of FX to be (for G = 0)
FX = −f . (95)
On the supergravity multiplet we impose only (28) which gives (for G = 0)
ba = 0 , (96)
and we leave the auxiliary field of supergravity M unconstrained. Then from Eq.(68) we see
that the bosonic sector now reads
e−1L = − 1
2
R− 1
3
|M |2 −W0M −W0M − f2
+ αf
[
−1
2
MR− 1
2
MR+
1
3
M2M +
1
3
M
2
M
]
.
(97)
The first line in (97) is the bosonic part of the standard supergravity, whereas the second line
of (97) is the modification due to the Gauss–Bonnet term. Notice that this term effects the
dynamics only when supersymmetry is broken (i.e., f 6= 0) as was anticipated in [5].
For the other auxiliary fieldM we will not impose (32), instead we will keep it as a dynamical
field. In fact, we can integrate it out as it appears algebraically. Before doing that, let us first
split M into real and imaginary part at
M = t+ is, (98)
which gives
e−1L = −1
2
(1 + 2αf t)R− 1
3
t2 − 1
3
s2 − 2W0t− f2 + 2
3
αft (t2 + s2) . (99)
Clearly when we integrate out s we find
s = 0 . (100)
After defining the field
t =
1
2αf
(
eγϕ − 1
)
, γ =
√
2/3 (101)
and performing a Weyl rescaling of the form
gmn → e−γϕ gmn , (102)
we get
e−1L = −1
2
R− 1
2
∂mϕ∂
mϕ− V , (103)
where the scalar potential is given by
V =
1
12α2f2
e−2γϕ
{
4(1 + 3α2f4 − 3αfW0) + eγϕ(12αfW0 − 11) + 10e2γϕ − 3e3γϕ
}
. (104)
A plot of the potential is given below in Fig.1. We see that for large values of ϕ→∞, V ∼ −eγϕ,
and for ϕ→ −∞, V ∼ e−2γϕ. Moreover, the potential V has an inflection point.
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Figure 1: The potential V in (104) for typical values of the parameters. Here for f = 3,
α = 1,W0 = 4.
3.3 Chiral superfield coupled to super Weyl square
In this section we study the supersymmetrization of the square of the Weyl tensor coupled to
a scalar, by combining the square of the Weyl superfield Wαβγ with a function of the chiral
superfields ΦI of the chiral model. The Weyl multiplet is chiral therefore we can construct the
chiral superfield
WαβγWαβγ = AW +
√
2 ΘχW + Θ2FW . (105)
The only contribution to the pure bosonic sector comes from
FW =
1
16
(
CabcdCabcd − i
2
Cabcd
cdghC abgh −
4
3
F abFab +
2i
3
FabFcd
abcd
)
, (106)
where
Fab = Dabb −Dbba , (107)
and Cabcd is the Weyl tensor. Note that R2HP = Cabcd
cdghC abgh . The coupling of the chiral
superfield to the super-curvature is described by the term
LΦ,W = 8
∫
d2Θ 2E h(ΦI)W2 + c.c. (108)
From (17) we find that the bosonic sector of (108) is
e−1LΦ,W = Imh(AI)
(
1
2
R2HP −
2
3
FabFcd
abcd
)
+ Reh(AI)
(
CabcdCabcd − 4
3
F abFab
)
. (109)
In (109) we see that the square of the Weyl tensor is coupled to the real part of the holomorphic
function h, whereas the imaginary part of h is coupled to the Hirzebruch–Pontryagin combina-
tion. In addition the vector ba has now become dynamical due to the presence of the kinetic
term −43F abFab. To find the pure quadratic curvature couplings resulting from this coupling we
will follow the same procedure as before.
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Let us now consider the chiral model (18) with Kähler potential (78) and superpotential
(79), where X satisfies (21) and A satisfies (26). Within this setup, the field strength of the
auxiliary ba still appears in (109) which we can eliminate by removing the field ba with the
constraint (28). In addition, we also impose the constraint (32) on R which will lead us to the
same effective Lagrangian for the L0 sector as in the previous section with Kähler potential and
superpotential given by (78) and (79). Finally we set
h
(
ΦI
)
= h (A) , (110)
namely that the h holomorphic function depends only on A. Once we add (109) to L0 and take
into account the constraints, the effective theory takes the form
e−1L = −1
2
R− 1
2
∂mφ∂mφ+
1
2
Imh(φ)R2HP + Reh(φ)C
abcdCabcd − V (φ) , (111)
where V (φ) is given by (82). Further properties of the theories with the bosonic sector (111)
can be found in [40]. Notice that we did not have to impose the constraints (28) and (32) to
eliminate any ghosts, we only impose them such that the theory becomes simpler and the L0
sector takes the form it has in the previous subsection 3.1.
Before concluding this subsection, let us comment on the cosmological properties of the
resulting effective theory (111) during inflation. Assuming that h(A) is an imaginary function
h(A)∗ = −h(A∗), (112)
we have that Reh(φ) = 0 and the action (111) is written as
e−1L = −1
2
R− 1
2
∂mφ∂mφ+
1
2
Imh(φ)R2HP − V (φ) . (113)
This is the action for chiral gravity which has been discussed in [40] and in a cosmological setup
in [41,42]. In the opposite case in which Reh(φ) = 0, we are left with
e−1L = −1
2
R− 1
2
∂mφ∂mφ− Reh(φ)CabcdCabcd − V (φ) . (114)
This theory suffers from a massive ghost. However, it can be a meaningful theory, if the Weyl
term is treated as a perturbation to the Einstein–Hilbert term [41]. In this case, as has been
shown in [43], the coupling proportional to Reh(φ) will induce a contribution to the tensor tilt
during slow roll of the form: nt ' −2± 4
√
2H2β, where β = ∂Imh(φ)/∂φ. This relation will
violate the consistency condition nt = −r/8, allowing a blue tilt to the tensor spectrum.
4 Concluding remarks
In this work we have considered non-linear realizations of local supersymmetry applied to dif-
ferent sectors of a spontaneously broken supergravity theory. A new constraint removes the
gravitino from the spectrum which corresponds to a very massive gravitino in the effective
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Lagrangian. This is the analog of decoupling massive vector states from the low energy sponta-
neously broken effective gauge theory. Then we consider some aspects of non-linear realization in
the context of higher curvature supergravity, and in particular of the Gauss–Bonnet and Weyl
square invariants. When coupled to a chiral field these invariants give rise to ghosts and/or
instabilities for two different reasons. The super Gauss–Bonnet introduces ghost degrees of
freedom in the sector in which supersymmetry is broken, while the Weyl square unavoidably
introduces a supermultiplet of a massive spin-2 ghost [6, 7]. For chiral multiplets with the suit-
able non-holomorphic constraint such instabilities can be avoided and only the coupling to the
Hirzebruch–Pontryagin invariant remains. The other super invariant, the chiral scalar curvature
R2 does not suffer from any instabilities and in fact it will propagate two extra physical chiral
multiplets. An interesting exception is the Volkov–Akulov superfield directly coupled to Gauss–
Bonnet. In this case, there is an effect due to the appearance of a physical new scalar state
coming from the supersymmetric completion of Gauss–Bonnet. This mode corresponds to the
usual scalar degree of freedom of a particular f(R) type theory whose dual scalar potential has
no extrema. This investigation may have some potential implications for cosmological models
based on non-linear representations of local supersymmetry.
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